Objective-To determine whether geographical elevation is inversely associated with diabetes, while adjusting for multiple risk factors.
Introduction
Diabetes mellitus is the 7 th leading cause of death in the United States (US) (1) . The World Health Organization have estimated that ~346 million adult people worldwide have diabetes, of which 90-95% belong to the group of type 2 diabetes (2). The global prevalence of diabetes has been estimated at 6.4%, and it is projected to increase to 7.7% by 2030 (3).
Abnormal elevation of blood glucose levels is the hallmark of diabetes. Intriguingly, male residents at high altitude, compared with residents at sea level, have lower fasting glycemia (4) (5) (6) . Similarly, lower fasting glycemia has been reported for pregnant (7) (8) (9) and nonpregnant women (9, 10) residing at high altitude. Residents of high altitude also show a better glucose tolerance (11, 12) compared with residents at sea level.
An inverse association between prevalence of diabetes mellitus and altitude has likewise been reported among hospital adult inpatients (13) . Another study reported a lower prevalence of diabetes in a community located at high altitude (3,052 m) compared with those from other five communities located near sea level (14) . In North America, the ageadjusted incidence of type 2 diabetes among Mexican-Americans living in San Antonio, Texas (198 m) was higher than that among Mexicans living in Mexico City (2,240 m), both in men and in women (15) , suggesting that ethnicity may not explain the lower prevalence of diabetes at higher altitudes.
Although numerous reports suggest beneficial effects of living at high altitude on glucose homeostasis, no study has investigated the potential contribution of altitude to the odds of prevalent diabetes while adjusting for multiple risk factors and potential confounders. In the present study, we re-examined publicly available online data from a survey conducted in a nationally representative sample of the adult population from the US. The aim of this study was to determine whether geographical elevation is inversely associated with diabetes, while adjusting for age, sex, body mass index (BMI), ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, health status, employment status, and county-level information on migration rate, urbanization, and latitude. Our findings indicate that US adult individuals living at high altitude (1,500−3,500 m) had lower odds of having diabetes, while adjusting for multiple risk factors. The mechanism(s) underlying this interesting finding remains unknown.
This study did not require approval or exemption from the Institutional Review Board at Cedars-Sinai Medical Center because it involved a cross-sectional analysis of publicly available, de-identified online data.
Data from the Centers of Disease Control and Prevention (CDC)
Database from the CDC (apps.nccd.cdc.gov/ddtstrs) was utilized to compare the ageadjusted self-reported prevalence of obesity and diabetes for 2009 in the US adult population (20 years or older) between low-and high-altitude counties. This database was also utilized to determine the prevalence trends of obesity and diabetes in low-and high-altitude counties from 2004 to 2009. Prevalence estimates reported by the CDC included all US contiguous states, Puerto Rico, and the District of Columbia. Since data for Alaska and Hawaii were not available, Puerto Rico data were also excluded for not being part of the contiguous US. Therefore, 3,109 counties were analyzed. CDC estimated the prevalence of obesity and diabetes by county using data from the Behavioral Risk Factor Surveillance System (BRFSS) and data from the United States Census Bureau's Population Estimates Program. Diabetes (type 1 and type 2 together) and obesity prevalences for 2009 were estimated using three years of data (2008, 2009, and 2010) to improve the precision of the estimates. Further details on the methodology are available online (apps.nccd.cdc.gov/ddtstrs).
Data from the BRFSS
Data from the BRFSS (www.cdc.gov/brfss), a telephone-based survey conducted in 432,607 subjects ≥18 years old, was utilized to estimate the odds ratios for overweight, obesity, and diabetes at different altitude bands. To be consistent with the analysis of the prevalence estimates of obesity and diabetes for 2009 (latest report) from the CDC, we chose the BRFSS database for 2009. Subjects from Alaska, Hawaii, Guam, Puerto Rico, and Virgin Islands were not included. Individuals aged 18−19 years and self-reported pregnant cases were also excluded. Thus, final dataset with complete information comprised 285,196 subjects for overweight and obesity analyses and 284,945 subjects for diabetes analyses. The odds ratios for overweight, obesity, and diabetes were adjusted for age, sex, ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, general health status, employment status, migration rate, urbanization, and latitude. Because obesity is a well established risk factor for type 2 diabetes (16), BMI was also included as a mediator to estimate the odds ratio for diabetes. Overweight was defined as a BMI (weight/height 2 ) of 25−29.9. Obesity was defined as a BMI of 30 or higher. Obesity classes were divided as follow: Class I (BMI 30.0−34.9), class II (BMI 35−39.9), and class III (BMI 40 or higher) (17) . Ethnicity included 8 categories: White, Black, Asian, Native Hawaiian or other Pacific Islander, American Indian or Alaskan Native, Other ethnicity, Hispanic, and Multiracial. Self-reported fruit and vegetable consumption represented the total number of servings of fruits and vegetables consumed per day, grouped in 4 categories, according to the frequency distribution of number of servings in the population studied: 0−1.99; 2−3.99; 4−4.99; and ≥5.00 servings. Moderate or vigorous physical activity beyond the recommended 150 min per week (18) has been related to more sustained weight loss (19) . Therefore, we analyzed the self-reported total minutes per week of moderate and vigorous activity (at home or during recreation), grouped in 4 categories: 0−149 min, 150−299 min, 300−449 min, and ≥ 450 min. Current smoking status, level of education (if completed high school), income level (if income was less than 10,000 US dollars a year per household), general health status, and employment status (if currently employed or selfemployed only), and health insurance status (if insured) were treated as dichotomous variables. Self-reported health status was grouped as poor or good. Data for all these variables were obtained from the BRFSS database. Although smoking cessation is also linked to weight gain (20) , information on this variable was only available in ~15% of the population sample, therefore, it was not included in the analysis. Sample size for individuals living in counties with a mean altitude above 3,000 m was small to included them in a separate category, Therefore, altitude was grouped only in 3 categories: 0−499 m (~83% of the sample size), 500−1,499 m (~11%), and 1,500−3,500 m.
Data from the United States Census Bureau
Since data about migration and urbanization were not available from the BRFSS, instead county-level information of these variables were obtained from the United States Census Bureau (factfinder2.census.gov) and used for multivariate analysis. Out-migration rate data represented flow counts, that is movers moving from one county to other different destination counties during less than one year before the time they were surveyed (in a 5-year period estimate from 2005−2009). Information about urbanization (we used the percentage of rural population) was estimated from the most current data available for 2000. Out-migration rate and urbanization were treated as continuous variables.
Additional data sources
Altitude of every US county (mean altitude of city-level elevations of a given county) was obtained from the database Zip-codes.com (Datasheer, L.L.C., Hopewell Junction, NY), and missing data were completed utilizing the National Elevation Dataset from the US Geological Survey (ned.usgs.gov). Because ambient temperature is mainly determined by altitude and latitude (21) , to avoid collinearity, latitude was included as a confounder instead of ambient temperature. County-level latitude data were also obtained from Zip-codes. 
Statistical analysis
Prevalence data were expressed as medians and interquartile ranges. Bivariate associations were determined using Spearman rank order correlation. Multilevel mixed-effects logistic regression was used to determine the odds ratios for overweight, obesity, overweight and obesity together, obesity classes, and diabetes, while adjusting for multiple risk factors and potential confounders. This approach accounted for nested data (state, county, and individual level) and the random effects between subjects. Health insurance status and air pollution were included as covariates in subset analyses as data availability were restricted to fewer counties (~50% only). All calculations were performed using Statistica 7.0 (StatSoft Inc., Tulsa, OK) and Stata/SE 13.0 for Windows (StataCorp LP, College Station, TX).
Results

Adult prevalence of obesity and diabetes in low' and high'altitude US counties
One hundred and thirty-two high-altitude counties compared with 2,977 low-altitude counties had considerably lower age-adjusted median prevalences of obesity [23 
Odds ratios for overweight, obesity, and diabetes at high altitude
In the simplest multilevel model, including altitude as the only independent variable, the odds ratios for diabetes among US adult subjects living at different elevations were as follows: 1.00 between 0−499 m (reference); 0.99 (95% confidence interval 0.92 to 1.05) between 500−1,499 m; and 0.82 (0.73 to 0.91) between 1,500−3,500 m. When BMI was also included, the odds ratios for diabetes were 1.00 between 0−499 m (reference), 1.00 (0.94 to 1.06) between 500−1,499 m, and 0.87 (0.78 to 0.96) between 1,500−3,500 m.
Prevalence of risk factors included in the full models for overweight, obesity, and diabetes, by altitude bands, are shown in Table 1 . Odds ratios for overweight, obesity, and diabetes, adjusted for multiple risk factors and potential confounders, are shown in Table 2 . This study found no significant association between overweight and altitude. Using the category 0−499 m as reference (odds ratio = 1.00), the odds ratio for obesity and diabetes, respectively, were 0.96 (95% confidence interval 0.92 to 1.01) and 0.95 (0.90 to 1.01) between 500−1,499 m, and 0.77 (0.70 to 0.83) and 0.88 (0.81 to 0.96) between 1,500−3,500 m. Intriguingly, the lower odds of having diabetes in individuals living between 1,500−3,500 m, compared with those living between 0−499 m, was not mediated by BMI alone.
Odds ratios for other covariates included in the full models are shown in Table 3 . When logistic regression was performed only in subjects with a BMI between 18.5 and 24.99 (n=93,032), while adjusting for other risk factors, the odds ratio for diabetes between 1,500−3,500 m was 0.85 (95% confidence interval 0.72 to 1.00), relative to 0−499 m, suggesting a trend for lower odds of having diabetes in lean individuals living at high altitude compared with lean individuals living below 500 m. To explain the association between diabetes and altitude independent of BMI, we tested the possibility of an interaction among current smoking status, BMI, and altitude. There were no interaction between these covariates, nor did these interactions lower the association between altitude and diabetes [0.67 (95% CI 0.50 to 0.90)], suggesting that smoking status and BMI do not moderate the relationship between diabetes and altitude.
The odds of being obese between 1,500−3,500 m was lower among men only. Likewise, the odds of being obese at high altitude was lower among men, but not women, in all obesity classes (Table 2) . Of note, the odds of having diabetes between 1,500−3,500 m was also lower among men only [Men: 0.84 (95% confidence interval 0.76 to 0.94); women: 1.09 (0.97 to 1.22) ]. Likewise, analysis by age groups showed an inverse association between altitude and diabetes among men, but not women (Table 4) . It should be noted that while adjusting for multiple covariates, including altitude, women had lower odds of being obese (OR=0.92, 95% CI=0.90 to 0.93) or having diabetes (OR=0.71, 95% CI=0.69 to 0.73) compared with men (Table 3) .
We found no lower odds of having diabetes at high altitude, relative to 0−499 m, among men younger than 40 years of age or ≥80 years old. Moreover, among men and women together, the strongest inverse association between altitude and diabetes was found in the age category 40−59 years old (Table 5) .
After further adjustment for health insurance status and air pollution, including PM 2.5 and O 3 levels together, the odds ratio for diabetes between 1,500−3,500 m remained similar [0.81 (0.69 to 0.95); n=101,246]. Because of the reduced number of observations having information on health insurance status and air pollution, analysis did not yield estimates of the odds ratios for obesity.
Discussion
Analysis of available database from a nationally representative sample from the United States revealed that adult individuals living at high altitude (1,500−3,500 m) had 12% lower odds of having diabetes than those living between 0−499 m, while adjusting for multiple risk factors, including age, sex, body mass index, ethnicity, and lifestyle-related factors. Likewise, US individuals living at high altitude had ~25% lower odds of being obese than those living between 0−499 m. Interestingly, the odds of being obese and having diabetes were lower among men only, although women had lower odds of being obese and having diabetes, as compared with men, regardless of altitude. The reasons for these differences remain unclear, and deserve further investigation. Our findings of an inverse association between altitude and diabetes in the US among men, but not women, demonstrate that this association interacts with gender.
We also found that the CDC modeled adult prevalence of obesity and diabetes in highaltitude US counties was ~25% and ~30% lower, respectively, compared with low-altitude counties. Our data confirm lower prevalences of obesity (22, 23) and diabetes (14) at higher altitudes reported in smaller studies using the same diagnostic criteria. Interestingly, despite the lower US adult prevalence of obesity and diabetes at higher altitudes, both prevalences at high altitude appear to increase during the period 2004−2009 (Figure 2 ).
Our findings of an inverse association between altitude and obesity are consistent with those from a recent study that used data from the 2011 BRFSS (24) (24) . Our findings are also consistent with those from a small study conducted in a non-representative sample of adult Tibetans, showing lower BMI at higher altitudes, while adjusting for several risk factors (22) .
More importantly, the present study shows that living at high altitude is associated with lower odds of having diabetes, independent of obesity and other known risk factors, including physical activity. No previous study has explored the risk of diabetes in populations living at different altitudes, while adjusting for these risk factors. Of course, the interpretation of these findings has to be considered in the context of the limitations of our study. Our data originate from a cross-sectional study; thus, we cannot prove that the inverse association between altitude and obesity or between altitude and diabetes reflects causality. Certainly, it is possible that some residual confounding could influence our results. For example, despite our adjustment for physical activity, this information was self-reported. Information on total daily calorie intake was not available. Data for self-reported fruit and vegetable consumption were used instead. Although it might not be a surrogate of total calorie intake, fruit and vegetable consumption has been shown to be inversely associated with the incidence of diabetes (25) .
One should consider whether reverse causality could explain our findings. Individuals with obesity or diabetes could migrate to lower altitudes. However, although altitude might represent a hostile environment for obese subjects, it seems unlikely that individuals with obesity class I, for example, selectively would tend to move to lower altitudes for medical reasons. Despite adjusting our findings for migration, information regarding residence period at high-or low-altitude was not available at the individual level. Interestingly, after further adjustment for health insurance status, the inverse association of altitude with diabetes was not affected, suggesting that access to health care may not explain the lower odds of having diabetes at high altitude.
Our findings originate from self-reported information collected by the BRFSS. The BRFSS slightly underestimates US obesity prevalences compared with the National Health and Nutrition Examination Survey, which does use standardized physical examination. However, diabetes prevalence estimates have been shown to be similar between surveys (26). Another limitation in our study is a potential bias due to lack of cell phone coverage. In addition, our multilevel analysis did not include final weight (frequency weighting) to account for the BRFSS sampling strategy. However, using binary logistic regression with clustered (at state level) robust standard errors, we found no substantial differences in the odds ratios for obesity and diabetes between weighted and unweighted data. Between 1,500−3,500 m, the odds ratio for obesity were 0.76 (95% confidence interval 0.68 to 0.86) and 0.73 (0.65 to 0.82) and for diabetes 0.84 (0.77 to 0.92) and 0.83 (0.76 to 0.91), weighted and unweighted data, respectively. Finally, BRFSS information on diabetes diagnosis does not discriminate the type of diabetes. Obesity is linked to type 2 diabetes, but not type 1 diabetes (16) . However, it is unlikely that the lower odds of diabetes at higher altitude was explained by type 1 diabetes, since type 1 diabetes accounts for only 5-10% of the total cases of diabetes (16) .
Biological mechanisms that might explain the inverse association between altitude and obesity are speculative but deserve some comment. There is strong evidence for increased basal metabolic rate at high altitude (27, 28) . However, this has been demonstrated only under short-term exposure conditions. High-altitude residents do not seem to have increased basal metabolic rate compared with subjects who lived at low altitude (29) . As aforementioned, there is an inverse relationship between elevation and ambient temperature (21) . Thus, it is reasonable to speculate that highlanders has increased cold-induced thermogenesis. There is also strong evidence of decreased appetite at high altitude (30) , although these data originate from short-term exposure. It is known that leptin favors energy expenditure and reduces appetite (31) . However, fasting leptin is decreased in individuals residing at high altitude (10, 32, 33) , probably indicating an adaptive mechanism to high altitude, or related to lower body adiposity at high altitude, as reported in Peruvian Amerindians (10) . Therefore, leptin does not seem to support the idea that high-altitude residents have increased cold-induced thermogenesis. Since unintentional physical activity (e.g. daily walking) is an important component of the total energy expenditure (34) , an alternative explanation is that individuals living at high altitude have increased energy expenditure due to non-intentional physical activity as they have to challenge the topographical terrain of highlands under hypoxic conditions. It can be argued that given that obesity is a strong risk factor for type 2 diabetes (16), our findings of a lower prevalence of diabetes at high altitude would be accounted by the lower prevalence of obesity at high altitude. However, it is very interesting that lower prevalence of self-reported diabetes at high altitude was not mediated by obesity alone. We also found a trend for lower odds of having diabetes among lean subjects living at high altitude compared with lean subjects living below 500 m. These results suggest that the inverse association between diabetes and altitude does not appear to be explained by obesity. However, we cannot suggest that this association is independent of body fat. Possible explanations for the lower odds of prevalent diabetes at high altitude are the reported lower fasting glycemia (4, 6, 10) and the better glucose tolerance (11, 12) in individuals living at high altitude compared to lowlanders. This is also supported by the evidence of increased glucose uptake in rodent and human skeletal muscle incubated under anoxic and hypoxic conditions (35) (36) (37) . In addition, numerous studies have shown increased content of the glucose transporter GLUT4 in the plasma membrane of skeletal muscle cells incubated under anoxia conditions (35, 38) , and in skeletal muscle cells from rodents exposed to prolonged hypoxia (9% O 2 ) (39) . Together, the latter findings could explain the better glucose tolerance at high altitude, which may have an impact in the lower prevalence of diabetes at high altitude. Certainly, further studies are required to determine whether the highlander has better β-cell function or increased insulin sensitivity as compared with the lowlander. Of note, we did not find lower odds of being obese or having diabetes between 500−1,499 m compared with 0−499 m. This is consistent with the more significant adaptive changes occurring above 1,500 m (40).
In conclusion, among the US population, living between 1,500−3,500 m is associated with lower odds of being obese and having diabetes, than living below 500 m, while adjusting for multiple risk factors and potential confounders. The inverse association between altitude and obesity and between altitude and diabetes in the US was found among men, but not women.
Our results suggest that geographical elevation may be an important factor not only linked to obesity but also diabetes.
What is already known about this subject?
• Numerous studies have reported lower prevalence of diabetes at higher altitudes.
Whether this is mediated by the relationship between obesity and altitude, related to confounders, or due to non-random migration is unknown.
What does this study add?
• Among adults of the United States, living at high altitude (1,500-3,500 m elevation) is associated with lower odds of having diabetes than living between 0-499 m, while adjusting for multiple risk factors and potential confounders.
• The inverse association between altitude and diabetes in the US is found among men, but not women. Correlation between altitude and county-level prevalence of self-reported obesity and diabetes among US adults. Data of obesity prevalence (A) and diabetes prevalence (B) where age-adjusted and corresponded to estimates from the Centers for Disease Control and Prevention for 2009. Associations were estimated using Spearman rank order correlation. Table 1 Prevalence of risk factors Table 2 Odds ratios for overweight, obesity, and diabetes in US adults aged 20 years or older. * Odds ratios were adjusted for age, sex, ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, out-migration rate, health status, employment status, urbanization, and latitude, including body mass index to estimate the odds ratios for diabetes.
Woolcott et al. Page 19   Table 3 Odds ratios for covariates included in the full multilevel models for overweight, obesity, and diabetes in US adults aged 20 years or older (all women and men). Table 4 Odds ratios for obesity by age category among US adults. Analysis of subjects belonging to age category ≥ 80 years old did not yield outputs because of missing data.
* Odds ratios were adjusted for sex, ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, out-migration rate, health status, employment status, urbanization, and latitude.
** Odds ratios were adjusted for ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, out-migration rate, health status, employment status, urbanization, and latitude. Table 5 Odds ratios for diabetes by age category among US adults. * Odds ratios were adjusted for sex, body mass index, ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, out-migration rate, health status, employment status, urbanization, and latitude.
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** Odds ratios were adjusted for body mass index, ethnicity, fruit and vegetable consumption, physical activity, current smoking status, level of education, income, out-migration rate, health status, employment status, urbanization, and latitude.
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